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Abstract
Regulating ecosystem services provided by urban forests are of great importance for the
quality of life among city dwellers. To reach a maximum contribution to well-being in cities,
the urban regulating ecosystem services (URES) must match with the demands in terms of
space and time. If we understand the matches or mismatches between the current urban
dwellers’ desired quality conditions (demand) and the supply of URES by urban forests (UF)
in the cities, this will facilitate integrating the concepts of ecosystem services in urban plan-
ning and management, but such an assessment has suffered from major knowledge limita-
tions. Since it is complex and problematic to identify the direct demands for URES and the
spatiotemporal patterns therein, improving the demand indicators can help to determine the
actual requirements. In this paper, a methodological approach based on indicators is pre-
sented and demonstrated for two important URES: air quality improvement and global cli-
mate change mitigation provided by urban trees and shrubs. Four air quality standards and
greenhouse gas reduction targets were used and compared to supplies of the URES in
Tabriz, Iran. Our results show that the mean contribution of the URES supply to air quality
standards and greenhouse gas reduction targets is modest. Hence, in Tabriz, there is a
strong mismatch between demand and supply. Mismatches at the city scale will have to be
reduced by both a reduction in pollutant emissions and an increased provisioning of URES
supply through urban greenery. The presented assessment approach and the results for
Tabriz make it explicit how different the demands and supplies of the two studied URES are,
and we expect similar mismatches in many other cities. Therefore, our approach, relatively
simple but still realistic and easy-to-apply, can raise awareness about, and the utility of, the
ecosystem services concepts for urban planning and policymaking.
Introduction
Ecosystem services (ES) encompass a diverse concept [1] which has gained growing attention
among scientists so as to inform decision makers to support more sustainable use of ecosystems
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[2–4]. Its attractiveness lies in its interdisciplinary nature which comprises both socio-economic
and natural sciences. Consequently, ES have been called the missing link or the bridge between
human well-being (social systems) and ecosystems (ecological system) [5–7]. Part of the attrac-
tiveness also lies in the ambiguity of the concept [8]. These properties of complexity and ambi-
guity have, however, hampered the development of ES assessments and prevented embedding
ES deeply in environmental decision-making processes [4,9–11]. Therefore, for more practical
applications, the tools need to be made more applicable for environmental resources manage-
ment [4,12,13]. This is particularly urgent for urban ecosystems [14,15]. Cities are more chal-
lenging than natural bodies because they consist of complex, intense, and spatially diverse
interactions between socio-ecological systems. Urbanization creates both solutions and prob-
lems for urban sustainability [16–20].
The role of urban ecosystems, and especially UF, in providing benefits and services to
urban residences has been stressed frequently, and it is necessary to incorporate ES in urban
planning and policies [14,21,22]. Some ES generated by urban ecosystems are delivered locally
to be enjoyed directly by urban residences (e.g. air purification), and some are even directly
tangible to residents (e.g. climate change regulation through carbon sequestration) [15,23,24].
Even so, the complexity of ES concept and urban areas has prevented making ES opera-
tional in urban planning and policy-making processes so far [15]. One of the main obstacles in
applying ES in decision-making is conceptualizing the delivery of ES to the society [25,26].
This requires the development and use of appropriate indicators [8]. While the development
of ecosystem service indicators is an active field of research, most indicators refer to the
(potential) supply of ecosystem services, and few studies make a distinction between the capac-
ity of the ecosystem to produce a service and the societal demand for it (ES supply) [9,27]. In
order to develop a sustainable management of ES, however, it is essential to assess both supply
and demand so as to be able to analyse the matches or mismatches between the supply and
demand of ES [2,28,29]. Despite the importance of considering ES demands in assessments
[1,30], few ES assessments have integrated the indicators of the mismatches between the ES
supply and demand.
This lack of evaluation applies especially to urban areas [9,14,31], for which quantifying the
ES demand (especially for the URES) is complicated due to the complexity in the direct rela-
tions between ES and human benefits and the fact that indicators tend to relate to ES supply
instead of ES demand [9]. It is challenging and difficult to measure the demand for URES [32],
and up-to-date, comprehensive indicators for URES demand are barely studied. As a conse-
quence, URES are depreciated and disintegrated in planning [25], except in a few cases (see
[13,33]). Regulating services are of particular importance to cities [23,34], especially two of
those services–air purification and global climate regulation (through carbon sequestration)
[16]–because the significant environmental problems in most cities, especially in the develop-
ing countries, are air pollution and climate change, which cause adverse effects on human
health and well-being [35–40].
Urban areas can be considered both as a hotspot for greenhouse gas (GHG) emissions (cit-
ies are responsible for more than 70% of the global CO2 emissions [41–45]) and a carbon sink
(sequestrating carbon through urban forest and soil) [46,47]. Thus, while urban areas occupy a
small proportion of the landmass, they have an essential role in the Global Carbon Cycle
[43,46]. Moreover, cities are more vulnerable to climate change [48,49]. Therefore, urban areas
should be taken into account in global climate change mitigation and adaptation efforts
[47,50–53]. One way to mitigate the climate change in cities is through their regulating ES
especially those provided by urban trees and shrubs (i.e. climate change regulation service
through carbon sequestration and storage by UF) [49,52,54–56]. Sequestrating carbon by UF
and consequently storing it in UF biomass contributes to balancing the global carbon budget
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and then plays a significant role in determining the concentration of CO2 in the urban atmo-
sphere [57]. Therefore, UF can be considered as an effective tool in mitigating climate change
[45,58–60].
Urban air quality deterioration caused by high concentration of air pollutants (e.g. NOx,
SO2, O3, CO and PM10 and 2.5) is considered as a key environmental problem which induces
adverse effects on human health (it is responsible for about 11.6% of all global deaths) [35–
38,61]. Therefore, there is a need for opportunities to mitigate and reduce urban air pollution
[62,63]. Planting and maintaining UF is one of the most considerable strategies developed and
evaluated to mitigate, adapt, and overcome urban air pollution problems [20,38,64–67].
There is a growing body of literature that indicates the important contribution of urban for-
ests in improving the environmental quality (e.g., clean air) within cities [68–70]. However,
the URES provision by urban forests is rarely compared to the demands or the desired quality
conditions in cities [14]. The assessment of the matches or mismatches between the URES sup-
ply and demand helps to identify the biophysical capacity of a specific area to produce the
URES, to evaluate the sustainability of URES delivery and to analyze to what extent the
demand (needs of people) can be met by the current urban forests’ characteristics and func-
tions (without any decrease or damage to the ES capacity) [3,25]. Thus, it is essential to further
develop approaches for such assessments for cities so as to facilitate their utility in urban envi-
ronmental decision-making processes [25].
Therefore, in this study, we aimed to assess the matches and mismatches between the sup-
ply and demand of two urban regulating ES in which UF plays a critical role: air purification
and global climate regulation. Based on this analysis, we explore the possible contribution of
URES supply provided by UF to meeting policy targets and environmental quality standards
(EQS) in an urban context. As indicators for ES demand, we use the EQS-based approach
[9,14,71]. We tested our approach in a case study in Tabriz, Iran. The obtained results can help
to identify the actual contribution of UF to human wellbeing and to show the utility of the con-
cept of ecosystem services for urban planning and policymaking.
Materials and methods
Study area
This study was carried out in Tabriz (244.8 km2; 1.56 million inhabitants with 49.8 thousand
households) [72], northwestern Iran, in East Azerbaijan Province (Fig 1). It occupies the east-
ern and southeastern lands of the Tabriz plain and is surrounded by the Einali and Sahand
mountains. Its average elevation is 1351 m above sea level. The climate is semiarid, character-
ized by relatively hot summers (up to 42˚C) and very cold winters (down to -25˚C). The
annual mean air temperature is about 12˚C, but it has experienced the incremental trend by
about 2˚C from 1951 (11.21˚C) to 2017 (13.28˚C) (Fig 2). The annual mean precipitation has
decreased from 341.2 mm in 1951 to 204.3 mm in 2017 (the overall annual mean precipitation
in this period is about 3111.1 mm) (Fig 2) [73]. Rainfall events tend to be intensive due to the
proximity of mountains. Land uses range from agricultural to urban. Urban parks and green
spaces are mainly outside the city center and share similarities in their recreational use and the
common presence of grass cover and occurrence of deciduous and evergreen trees [67].
The economic growth and centralization have caused the influx of industries and people
into the metropolitan area of Tabriz and have extended the city size by about 35 times in a cen-
tury. This has also caused land use changes; about 4715 ha of green spaces were converted to
other land uses during the last three decades [74] and caused environmental quality deteriora-
tion [75,76].
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The relatively high anthropogenic pollutant emissions (since it is considered the “commer-
cial and industrial heart” of the northwestern Iran), the unique topographic position–being
surrounded by mountains that act as a trap for pollutants [75,76] occasionally aggravates air
pollution by contributing to thermal inversions–and the meteorological conditions of Tabriz
make it one of the worst among the major Iranian cities in terms of urban air quality
problems.
Fig 1. Location of Tabriz municipality, land use classes, and sample points.
https://doi.org/10.1371/journal.pone.0220750.g001
Fig 2. Historical trends in annual mean temperature and precipitation in Tabriz (1951–2017)—(Data source: [73]).
https://doi.org/10.1371/journal.pone.0220750.g002
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Air pollution in Tabriz is considered as the most critical environmental problem [77], such
that as the statistics indicate, only 19% of the year had seen clean air in 2014 [78]. CO and PM
are among the main air pollutants in Tabriz [79]. The dynamic trends in the annual mean con-
centration of air pollutants show that the air quality has partially improved from 2012 (Fig 3).
Methodology
To enhance our ability to quantify and, ultimately, make ES information more accessible to
decision-makers, we have to make a clear distinction between, and have a clear definition of,
the key elements in the ES delivery process; capacity, flow and demand, so as to assess the mis-
match or match between the ES supply and demand [10,13,81]. In this paper, we conceptual-
ized supply as the “ES flows or biophysical impact of the ES on the environment in or
surrounding the area [82]” and demand as “the required or desired amount of ES delivered by
the society” [25,33,83].
URES supply can be measured directly by determining the amount of ES delivered by
urban dwellers in a particular area (in this case, Tabriz) within a given time period (one year in
this case) [13,27]. In this study, we used the i-Tree Eco model to assess the supply of two
important services provided by UF, i.e. “air quality improvement” and “global climate change
mitigation through carbon storage and sequestration”.
Since there is no clear end product of URES and it is challenging to measure the demand
for it [32], the environmental quality standards (EQS) have been used as an amenable indicator
and measure for service demand [14,84,85]. The main advantage of applying environmental
quality as a proxy for URES is that it is meaningful to people, is readily measured [25], relies
on scientific evidence [14] and that any change in the environmental quality can be valued in
monetary terms [32]. Therefore, we adopted a novel methodological approach using EQS as
proxy indicators for the demand side.
We assessed the mismatches between the URES supply and demand following four main
steps: 1) assessing the supply of URES, 2) selecting environmental quality standards, 3) assess-
ing the demand for URES and 4) identifying matches or mismatches between the URES supply
and demand:
Step1: Assessing the URES Supply: The supply of URES was defined as the amount of pollut-
ants (i.e. PM2.5, O3, NO2, SO2 and CO) removed annually and the annual carbon sequestration
per hectare by UF, which are respectively for air quality improvement and climate change reg-
ulation supply.
Fig 3. Dynamic trends in the annual mean concentration of air pollutants in Tabriz (2004–2104)—(Data source: [80]).
https://doi.org/10.1371/journal.pone.0220750.g003
Identifying mismatches between supply and demand in cities
PLOS ONE | https://doi.org/10.1371/journal.pone.0220750 August 15, 2019 5 / 22
As one of the most commonly applied models [35], the i-Tree Eco model was used to quan-
tify and estimate the supply of URES by UF. As the basic i-Tree process is Structure-Services
[86], it first estimates the structural and compositional characteristics of UF (urban trees and
shrubs) based on collected field data. Then it integrates additional data (i.e., location informa-
tion, precipitation and pollution data) and the estimated UF structural data, to quantify air
pollution removal and carbon sequestration and storage by UF [87] (see Fig 4). Here are the
three main steps followed to quantify the supply of the studied URES by i-Tree Eco:
Adapting i-Tree Eco to the studied area. i-Tree Eco was specifically developed for the US, so
it has to be adapted for the users outside the US and requires the integration and submission
of additional data to the i-Tree Database [88]. In this regard, the additional data are collected
and introduced into the i-Tree Database web application to conduct and complete our project.
Pollution data for O3, SO2, NO2, CO and PM2.5 were obtained in an hourly format for a com-
plete calendar year (2015) from the Department of Environment, Iran [80] from an atmo-
spheric monitoring station (located in 38.07˚ N and 46.29˚ E). Hourly precipitation data
(meters per hour) of the synoptic station of Tabriz (located in 38.13˚ N and 46.23˚ E) were
obtained for the same year (2015) from Iran Meteorological organization [73]. These data
were submitted to the i-Tree Database.
Also, other required weather data were obtained automatically by i-Tree Eco form the
selected station (synoptic station of Tabriz). The US Forest Service vetted all this data and
incorporated them into the new version of i-Tree Eco.
Assessing the structure and composition of UF: Following the i-Tree Eco protocols [87–89],
the required field data (i.e. trees, shrubs and plots data) were collected from 330 plots (ran-
domly distributed among the land use classes using Random Points Generator of Arc GIS
10.4.1) through a field survey conducted from 5th of June to 2nd of October, 2017. This number
of plots would be sufficient to achieve a standard error of about 10% for the entire city [90].
Using the pre-stratification method, the study area was divided into smaller units based on
land use classes. The original land use map was obtained from the municipality of Tabriz for
the year 2017 (with 1:25000 scale) and then reclassified into seven classes (Fig 1).
Fig 4. The methodological steps to quantify URES supply through i-Tree Eco model.
https://doi.org/10.1371/journal.pone.0220750.g004
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The i-Tree Eco model processes the imported field data to assess the urban forest structure
(i.e. summary of structure by species and strata–e.g. the number of trees, LA, leaf biomass, tree
dry weight biomass–, summary of population–e.g. the percentage of population–, distribution
of species by DBH classes, diversity indices and ranges of species) [86,87].
Estimating the provision of URES (supply side)—Air quality improvement: i-Tree Eco esti-
mates the amount of pollution removed by UF within a year through dry deposition modeling
for O3, SO2, NO2, CO and PM2.5 and also calculates the hourly air quality improvement based
on tree-cover data, hourly weather, and pollution data [86,87].
The hourly air quality improvement per unit of tree cover through the dry deposition of the





Where F is the pollutant flux (gm−2h−1) and Mtotal is the total air pollutant mass per unit









Where Tc = total urban tree cover (%). (For a more detailed description, see Hirabayashi
et al., 2015).







Where ΔC is air pollutant concentration change (gm−2h−1) and C is the air pollutant con-
centration (gm−2h−1).
The expected annual mean levels of air pollution without air purification by urban trees or
shrubs (μg m−3) is calculated as the annual mean concentration of pollutants (μg m−3) without
considering UF air pollution removal.
Carbon storage and sequestration: The urban tree carbon storage was estimated through
multiplying the tree biomass by a factor of 0.5. The biomass for each measured urban tree was
quantified using the allometric equations from the literature [49,92]. The above-ground bio-
mass, which was estimated based on DBH, tree height and tree condition [86], were converted
to the total tree biomass by applying the common root-to-shoot ratio of 0.26 [93]. Also, as the
deciduous trees lost their leaves annually, the total stored carbon was estimated by multiplying
total tree dry weight biomass by 0.5 [49,94]. Dry-weight biomass for each tree was obtained by
multiplying the computed fresh-weight biomass by species- or genus- specific-conversion fac-
tors of 0.48 for conifers and 0.56 for hardwoods (see Nowak et al. 2002b). The biomass of
urban open-grown and maintained trees–which may have less above-ground biomass–pre-
dicted through forest-derived biomass equations, was adjusted by applying a 0.8 factor [86,92]
As the urban tree DBH increases according to an estimated annual growth rate (i.e. the tree
biomass increase determines carbon sequestration), the annual carbon sequestration of each
urban tree was estimated by contrasting the carbon storage in the current year (X) with carbon
storage in the following year (X+1) [49,94].
Step 2: Selecting EQS: The Environmental quality standards (EQS) are related to regulating
processes or ecosystem states and the demand for them is often based on concentration or
reduction indicators [9]. In this study, greenhouse gas (GHG) emission targets and the
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deviations in air quality standards served as demand indicators, respectively, for global climate
regulation and air quality improvement.
Global climate regulation targets have mainly been set at the global scale, yet urban GHG
emission reduction targets can be considered the desired condition at the city scale [13,14]. As
there is no GHG emission target specifically for the city of Tabriz, we applied the Iranian
reduction target (to reduce GHG emissions by 4 and 12% by 2030 respectively through uncon-
ditional and conditional mitigation action) as the desired condition [95].
EQS for air quality regulation of PM2.5, O3, NO2, SO2 and CO were derived from the fol-
lowing four standards: 1) WHO air quality guidelines [96], 2) EU Air Quality Directive [97], 3)
the National Ambient Air Quality Standards of the Environmental Protection Agency (EPA)
of the United States [98] and 4) the Iran air quality standard [99]. WHO’s reference values are
more stringent than the Iranian ones, but only the Iranian air quality standard is legally bind-
ing within the Iranian cities (Table 1). By considering all the four standards, an appropriate
balance was created.
Step 3: Assessing URES demand: The demand for URES was defined as the extent to which
the ecological pressures need regulation (e.g. purification by UF) in order to fulfill the defined
EQS. For air quality regulation, the ecological pressures were defined as the air pollutant con-
centration, as available for PM2.5, O3, NO2, SO2 and CO from the air pollution monitoring sta-
tions of the Iranian Department of Environment. The demand indicators for air quality
regulation were estimated by relying on each pollutant concentration in relation to the refer-
ence values of the selected standards (e.g., remnant air pollution) [14].
The demand indicator for climate change mitigation was estimated based on measured
annual GHG emissions (t CO2/ha year) [9]. Since there is no GHG emission data specifically
for Tabriz, the total GHG emission for the country (Iran; Gt CO2-eq) was adapted from the
PBL Netherlands Environmental Assessment Agency report on trends in global CO2 and total
GHG emissions [100] and downscaled to the city of Tabriz based on the number of
inhabitants.
Step 4: Assessing the matches or mismatches between URES supply and demand: The matches
and mismatches were defined as the difference between ES supply and demand [1]. If an
unsatisfied or remaining demand exists (the supply side not totally meeting the demand side
[14]) within the defined area and period, the mismatches between ES supply and demand are





Iranian national Mitigation of Greenhouse Gases Target: 1- Unconditional; 4% by 2030 (through Business as Usual (BAU) scenario) 2-
Conditional Mitigation Action; 12% by 2030 (the potential of mitigating additional GHGs emission up to 8% against the BAU scenario
through additional mitigation actions)
Air quality regulation Pollutants Reference values of selected standards
WHO EU EPA Iran
PM2.5 10 μg/m3 (annual
mean)
25 μg/m3 (annual mean) 12 μg/m3 (annual mean) 10 μg/m3 (annual mean)
O3 100 μg/m3 8-hour
mean
120 μg/m3 (Maximum daily 8 hour
mean)
159 ppm (8-hour mean) 12 μg/m3 (annual mean)
NO2 40 μg/m3 (annual
mean)
40 μg/m3 (annual mean) 0.053 ppm (107 μg/m3) (annual
mean)
100 μg/m3 (annual mean)
SO2 50 μg/m3 (annual
mean)
20 μg/m3 (annual mean) 79 μg/m3 (annual mean) 80 μg/m3 (annual mean)
CO - 10 mg/m3(Maximum daily 8 hour
mean)
9 ppm (8-hour) 35 ppm (1-hour) 35 ppm (1-hour) 9 ppm
(8-hour)
https://doi.org/10.1371/journal.pone.0220750.t001
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recognized [101]. As long as the demand is met without any decrease in the future capacity of
URES provision (i.e. tradeoffs), the URES provision would be sustainable. In contrast, URES
provision is not sustainable if the demand cannot be met by the existing URES supply or
capacity [14,101], or it when involves losing or degrading other ES in return for fulfilling that
demand (tradeoffs) [25]. For example, if the urban air quality consistently fails to meet the
ambient air quality standards, the flow of air purification ES from UF will be considered
unsustainable, reflecting a mismatch.
Demands should be assessed via the same measurement units as the supply, so that we can
identify the matches or mismatches, which are either balance, over- or under-supply
[13,14,71]. Based on the EQS-based approach adopted in this study to assess the URES
matches or mismatches, URES mismatch is identified when the standards or target values
specified by the abovementioned EQS are not met through the supply of URES by UF, or, in
other words, when the demand side is not entirely met by the current supply provided by UF.
On the contrary, if the supply side fulfills the demand, matches are expected. It is also useful to
assess the contribution of the URES supply in EQS’ complaisance (e.g., air quality improve-
ment) [14].
For air pollutants, for which an annual mean value of EQS exists, mismatches occur when
the air pollution levels exceed the EQS values despite air quality improvement by UF [14]. Pol-
lutants for which the EQS were based on 1-hour or 8-hour mean values were compared to the
corresponding hourly or 8-hourly air pollution concentrations. A significant mismatch was
indicated if the “air quality improvement compensates only 0–20% of the corresponding
exceedance”. Likewise, a modest mismatch was defined as a value compensating more than
20% of the exceedance.
Similarly, for global climate change URES, if a contribution of UF to sequestering carbon to
comply with the GHG (CO2-eq) reduction targets is lower than 20%, it is a significant mis-
match and if it is between 20–100%, it is defined as a modest mismatch. Fig 5 presents the
entire framework applied in this paper.
Results
Urban forest structure
The urban forest of Tabriz had a total of 48 species with an estimated 1,928,000 trees (standard
error of about 12.3%) with a tree cover of 9.4% which provided 83.73 Km2 of leaf area. The
three most common species were Robinia pseudoacacia (12.5%), Fraxinus excelsior (9.8%), and
Elaeagnus angustifolia (8.0%). The overall tree density in Tabriz was 79 trees per hectare (the
highest tree densities occurred in green spaces followed by residential areas and open spaces).
The potential of the top ten species regarding the provision of air quality improvement and
carbon storage and sequestration is shown in Table 2. While these ten species collectively con-
stitute 69.2% of the total number of trees, they were responsible for 61.54%, 61.99% and
64.08% of total carbon storage, annual net carbon sequestration and pollution removal, respec-
tively (Table 2).
Supply and demand for air quality improvement
The existing urban trees and shrubs in Tabriz were estimated to remove 238.4 t of the air pol-
lutants in 2015. Air quality improvements based on URES supply showed the highest average
percentage of air quality improvement for O3 and the lowest value for CO (Fig 6). The results
also showed a negative value for PM2.5 (Fig 6) which means that the urban forests in Tabriz
had a negative contribution in meeting the corresponding EQS (as discussed in the Discussion
section).
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The highest demand for URES air purification was associated with NO2, followed by SO2
and O3, whereas the related supply indicators were highly similar between the pollutants.
PM2.5 had the lowest removal rates among all the pollutants (Fig 7).
Supply and demand for global climate regulation
Trees and shrubs in Tabriz sequester 29.20 thousand tons of carbon, which corresponds to
about 1.4 t ha−1 year−1. In comparison, there was a demand for 674.32 tons of CO2-eq per hect-
are in 2015.
Fig 5. Flowchart for identifying and assessing matches and mismatches between the supply and demand of urban regulating ecosystem
services (URES).
https://doi.org/10.1371/journal.pone.0220750.g005
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Matches and mismatches
According to the results of the i-Tree Eco model, the expected annual mean levels of air pollu-
tion without air purification by urban trees or shrubs (as a hypothetic scenario) would not dif-
fer substantially from the current levels (Table 3). Therefore, the URES mismatch should be
minor if realistic increases in URES supply are intended to meet the EQS. The results suggest
that this situation occurs only for moderate mismatches. Also, the hourly air quality improve-
ment for all pollutants by urban trees and shrubs over the year 2015 is shown in the appendix
(S1 Appendix).
Hence, the contribution of urban trees to climate change mitigation is very low and
accounts for about 0.2% of the overall GHG emissions, corresponding to a significant mis-
match (Table 4). Following the framework in Fig 5, the matches and mismatches between the
air purification service supplies and demands were identified (Table 4). Only in eight cases of
air purification, the ES demand was not met by supply (Table 4). Here, we illustrate the proce-
dure by discussing the results of the assessment of NO2 regulating services with respect to the
WHO standard; The WHO annual limitation value for NO2 is 40 μg m−3 and the annual NO2
concentration as measured by air pollution monitoring station was 86.79 μg m−3. Hence, there
Table 2. Top ten species due to the provision of air quality improvement and carbon storage and sequestration.
Species Trees Carbon Storage Net Carbon Sequestration Pollution Removal
Number % ton % ton/yr % ton/yr %
Robinia pseudoacacia 240590 12.48 9317.89 14.38 1486.86 16.01 26.29 13.14
Fraxinus excelsior 188821 9.80 6967.33 10.75 910.39 9.80 17.72 8.86
Elaeagnus angustifolia 153675 7.97 3405.93 5.26 701.52 7.55 15.18 7.59
Cupressus arizonica 130009 6.74 3002.26 4.63 312.29 3.36 17.44 8.72
Ulmus carpinifolia 'Hollandica' 128342 6.66 3875.48 5.98 271.97 2.93 8.46 4.23
Ailanthus altissima 107713 5.59 2072.22 3.20 431.49 4.65 6.43 3.21
Pinus nigra 94402 4.90 1930.57 2.98 285.83 3.08 11.72 5.86
Vitis vinifera 82417 4.28 1348.71 2.08 287.43 3.10 4.17 2.08
Pinus eldarica 73773 3.83 1202.43 1.86 183.2 1.97 7.65 3.82
Robinia pseudoacacia 'Umbraculifera' 69096 3.58 885.40 1.37 253.2 2.73 3.36 1.68
Morus alba 63579 3.30 5861.11 9.05 632.4 6.81 9.78 4.89
Sum of the top ten species 1332417 69.12 39869.33 61.54 5756.58 61.99 128.20 64.08
Total 1927566 100 64788.12 100 10652.84 100 200.06 100
https://doi.org/10.1371/journal.pone.0220750.t002
Fig 6. Average percentage of air quality improvement by urban trees and shrubs at the city scale.
https://doi.org/10.1371/journal.pone.0220750.g006
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was a 46.79 μg m−3 exceedance of the WHO value. The amount of air quality improvement for
NO2 by urban trees and shrubs was 4.98 μg m−3 per year. Thus, the contribution of UF to
reduce the WHO exceedance (10.62%) is lower than 20%, and a significant mismatch is
identified.
The results of the match and mismatch assessment of the URES air quality improvement
showed a huge variation among the different pollutants. None of the assessment standards of
EQS values were met for PM2.5, which is in fact due to the negative improvements; the air qual-
ity improvement value for PM2.5 was -0.03% (as discussed below) (Fig 6). Hence, PM2.5 can be
considered the most problematic pollutant in Tabriz. In contrast, CO seems the least problem-
atic pollutant in the study area. Tabriz did not comply with Iran’s standard for O3 and the EU
reference value for SO2. NO2 levels were below the EPA and Iran’s regulations but above the
EU and WHO limits.
Discussion
One of the essential issues required to further develop and implement the ES concept is to
understand and assess the matches or mismatches between ES demand and supply in urban
settings [13,102,103]. An important asset of our study was that we not only considered the sup-
ply side (i.e. the air quality improvement and climate change mitigation provided by urban
forests), but also explicitly accounted for the actual demand of human societies for these regu-
lating services provided by UF. Without such understanding of both aspects, misleading con-
clusions may be drawn about the benefits of these services [34]. Such understanding is also
needed for urban planners to ensure optimum use of the current ES supply to meet the human
demands throughout the city [34] and to make better decisions, i.e., a better match, in the
future by appropriate urban design.
Fig 7. Results for air purification supply and demand (the value of CO in supply diagram is based on thousands) indicators for the
case study.
https://doi.org/10.1371/journal.pone.0220750.g007
Table 3. Estimated air quality improvement due to air pollution removal by urban trees and shrubs.
Pollutants
CO NO2 O3 PM2.5 SO2
Annual mean air pollution levels with air purification delivered by urban trees and shrubs (μg m−3) 2089 86.79 38.39 25.93 39.34
Expected annual mean levels of air pollution with no air purification by urban trees or shrubs
(μg m−3)
2090.03 91.775 41.523 25.703 42.476
Average percentage of air quality improvement (%) 0.0005 0.0575 0.0817 -0.029 0.0798
Amount of improvement (μg m−3) 1.02955 4.985 3.1375 -0.754 3.136
https://doi.org/10.1371/journal.pone.0220750.t003
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In this study, we assessed the matches and mismatches for two urban regulating ecosystem
services: air quality improvement and global climate change mitigation. The present assess-
ment for Tabriz, Iran exemplifies and concretizes the differences in demands and supplies
between the two URES. Since the relationship between URES supply and urban deweller’ ben-
efit is very complicated [9], we adopted a methodology based on indicators that provide a rela-
tively simple, but still realistic, estimation of URES demands. As for indicators, we adopted a
novel methodological approach using EQS as proxy indicators for the demand side. Our
approach contrasts with other more time consuming and resource intensive assessment
approaches such as socio-cultural elicitation [104]. This quick assessment approach can help
policymaker to find out the condition of matches or mismatches between URES services sup-
ply and demand, and to analyze the potential of UF to overcome the mismatches.
Our results on air purification supply indicate that the mean air quality improvements were
relatively small. The four different EQS gave slightly different results for some pollutants. For
instance, matches were identified for NO2 when using EPA and Iran standards, while mis-
matches occurred when applying EU and WHO standards. These differences in assessing the
regulation of the same ecological pressure may cause uncertainties and demand a better reflec-
tion on which air quality standards may be most reliable and adequate for a given situation to
point out the actual human demand for clean air. In this case, it is expected that the WHO
standards probably express a more reliable level of demand for air quality [105], even though
only the Iranian air quality standard is legally binding within the case study. Particularly for
NO2 and PM2.5, there were major mismatches in supply and demand. The results even sug-
gested some negative air quality improvement (%) values for PM2.5, which means trees resus-
pended more particles than they removed (see S2 Appendix). Such negative values for PM2.5
occasionally occur in arid climates or areas experiencing drought. The PM2.5 deposition pro-
cess is mostly mechanical involving the particulates being deposited on leaf surface during
times of low wind. The reason is that the PM2.5 is not "locked-up" by the tree and can be redis-
tributed into the air from the leaf surface areas if the wind is strong and there is no rain. In
those cases, trees are actually facilitating the redistribution of particulates causing a negative
impact of trees on PM2.5 [106]. Since the pollution removal value is based on the change in pol-
lution concentration, it is possible to have situations when trees remove PM2.5 but increase
concentrations and thus have negative values during periods of positive overall removal (for
more information see [91]). In our study, such conditions are likely to occur at the
Table 4. Results of assessing the matches and mismatches between URES supply and demand. “M” stands for matches, “S” for significant mismatches and “-” indicate












Air purification WHO - S M S M
EU M S M S S
EPA M M M S M
IRAN M M S S M
Global climate regulation GHG reduction target Contribution to GHG reduction targets
Unconditional Conditional
S S
�: Average percentage of air quality improvement (%) by UF. These values are shown here to explain the relation between the air quality improvement provided by UF
and the matches and mismatches. In other words, it helps to translate the magnitude of air quality improvement of each pollutant to level of mismatches or matches
according to the associated EQS. For example, the 0.0005% improvement of CO resulted in matches according to all EQS.
https://doi.org/10.1371/journal.pone.0220750.t004
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combination of very low precipitation, drought and strong winds. However, even at conditions
with a positive impact–i.e. when pollution levels are high–the mean contribution of URES sup-
ply to comply with the air quality standards is modest. Hence, there is a strong mismatch in
supply and demand for air quality improvement.
Also, the contribution of the urban trees to climate change mitigation (supply) shows a very
modest contribution compared to GHG emission (i.e. the demand for climate regulation ser-
vices by urban forests). The reasons for this low contribution, or large mismatch, can be the
relatively high emissions, urban morphology, the low level of urban forest (tree cover of 9.4%)
and the young age of the trees (77.9% of the current trees are not grown enough to provide
substantial URES [107,108]). There are various uncertainties in quantifying the studied URES
supplies and demands: i) indirect effects of urban forests on climate mitigation, ii) GHG emis-
sion estimations were based on country-based estimations that included several emission sec-
tors that were not within the study area, and iii) the applied i-Tree Eco model also has
limitations in estimating the air pollution removal and carbon sequestration[see
36,68,109,110].
However, given the major mismatch, these uncertainties are unlikely to change the results
significantly. Hence, as with the previous URES, UF have a limited potential for providing
direct carbon sequestration to obtain the GHG reduction targets and to substantially mitigate
global climate change (in line with [14,111].
These results clearly show that it is insufficient to focus only on the supply of ecosystem ser-
vices, i.e. to promote urban greenery based on the argument that it provides important ser-
vices. In addition, because both supply and demand are likely to be temporally dynamic
features, the development of the matches and mismatches needs to be monitored continu-
ously. For instance, as the trees grow, the supply of regulating ecosystem services is likely to
increase substantially. In this context, it will also be important to evaluate whether the actual
amount of ES supply remains sustainable and can be provided over a long period of time [71].
This aspect is not often taken into account [112], and it is recommended to develop indicators
that additionally show whether the provisioning of ecosystem services is sustainable.
Although there is currently no consensus on which comprehensive approach to use for
integrating the ES concept in the urban planning process to maintain proper urban sustain-
ability, efforts such as assessing mismatches between the actual demands of human societies
based on the supply of urban ES may constitute an important component of such approaches.
Therefore, our analysis provides important insights for urban environmental planners, in
Tabriz and other cities. Analyzing the potential of UF to mitigate carbon in comparison with
the urban GHG emissions helps cities to evaluate whether the GHG reduction goals are met or
not [111,113]. Such an analysis is important, because there are often limited urban resources
to implement urban environmental strategies such as GHG reductions [114,115], and quanti-
tative analyses such as the one provided by this study can provide a leverage to get more urban
resources allocated to (regulating) the ecosystem services. Currently, there is a very limited
amount of such quantitative scientific documentation to support the city planners in evaluat-
ing the effectiveness of ES based programs in cities [111,115]. For instance, the Department of
Environment of Iran, which is responsible for meeting the regulatory requirements (e.g. air
pollution mitigation), currently faces many difficulties in implementing an ecosystem service
approach; and our approach may fill this critical gap.
The main purpose of this approach is to make the mismatch results applicable for policy-
and decision-makers. Therefore, we converted the quantitative results to modest and signifi-
cant mismatch classes. Moreover, even if urban forests have only a modest and maybe a negli-
gible, contribution to providing important regulating ecosystem services, they may provide a
complementary measure in a total set of measures to mitigate air pollution and GHG
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emissions, as even such small effects can have significant health benefits [68,116,117] and also
supply other environmental and economic benefits (e.g., noise pollution reduction, aesthetic
benefits, etc.) [118,119]. It means determining which categories of mismatches can be solved
by UF developing. In other words, the modest mismatches suggest that they can be overcome
partially by urban greenery which is intended to increase the ES supply, but the significant
mismatches suggest that EQS can be unlikely met by the increment in ES provision through
green space development programs, and needs more extensive action than only urban green-
ery strategies.
For Tabriz, the major mismatch in the regulating services shows that Tabriz struggles to
comply with the current regulating ES demands. This mismatch suggests that what is needed
to decrease the mismatch is probably both a major investment to reduce the rate of pollution
and carbon emissions and a major increase in the provision of URES through urban greenery.
The latter would be more cost-effective if synergies are considered along with other urban ES.
This will demand a more holistic and comprehensive analysis than the one applied in this
study.
Assessment of URES supplies and demands requires matching the data with the same spa-
tial scales [34]; however there is often no such consistency [120]. Generally, URES supplies
and demands are spatially explicit [13,121,122]. Also, clear localization of URES demands is
usually impossible and occasionally unreasonable, which is principally due to the lack of a final
good or end-product [25]. It means that temporal, spatial and stakeholder dimensions have to
be taken into account to sufficiently inform urban sustainable decisions [1]. Also, in determin-
ing the supply and demand realization, it is of particular importance to spatially distinguish
and consider the URES flow processes and pathways which carry services through the land-
scape from the (excess) service providing area to the (excess) service-benefiting area. These
two areas can be identical, overlapping or separated [34,101,123].
In solution-oriented studies, focusing on site-specific solutions is acknowledged [124], and
thus precise and reliable data are required [102]. Therefore, as the scale of our analyzes match
the scale of urban decision making (municipal scale), the results can be helpful in assisting
urban planners and policymakers to proactively concentrate on specific and more sustainable
solutions and scenarios [124].
Conclusions
Our approach, which is based on indicators of ecosystem services, allows assessing the matches
and mismatches between URES supply and demand. Compared to the existing approaches,
the application of proxy indicators is relatively straightforward. The results of this assessment
can be used for future urban strategies and planning as well as for scenario analyses informing
such planning. Such analyses will show whether the demands of urban dwellers for URES can
be met sustainability through the prevailing ES capacity of UF or if other measures (e.g. tech-
nological alternatives or substantially improved urban greenery) are required.
We suggest that the applied framework may provide a simple, though flexible, approach
that has the potential to improve the applications of ES concept in science as well as in practice
in the study area and other cities all over the world for urban sustainability management.
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14. Baró F, Haase D, Gómez-Baggethun E, Frantzeskaki N. Mismatches between ecosystem services
supply and demand in urban areas: A quantitative assessment in five European cities. Ecol Indic. Else-
vier Ltd; 2015; 55: 146–158. https://doi.org/10.1016/j.ecolind.2015.03.013
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RI, et al., editors. Urbanization, Biodiversity and Ecosystem Services: Challenges and Opportunities:
A Global Assessment. Dordrecht: Springer Netherlands; 2013. pp. 175–251. https://doi.org/10.1007/
978-94-007-7088-1_11
49. Nowak DJ, Crane DE. Carbon storage and sequestation by urban trees in the USA. Environ Pollut.
2002; 116: 381–389. https://doi.org/10.1016/S0269-7491(01)00214-7 PMID: 11822716
Identifying mismatches between supply and demand in cities
PLOS ONE | https://doi.org/10.1371/journal.pone.0220750 August 15, 2019 18 / 22
50. Romero Lankao P. Urban Areas and Climate Change: Review of Current Issues and Trends. Issues
Paper for the 2011 Global Report on Human Settlements. 2011.
51. Bulkeley H. Cities and Climate Change. London: Routledge; 2013.
52. Raciti SM, Hutyra LR, Newell JD. Mapping carbon storage in urban trees with multi-source remote
sensing data: Relationships between biomass, land use, and demographics in Boston neighborhoods.
Sci Total Environ. Elsevier B.V.; 2014; 500–501: 72–83. https://doi.org/10.1016/j.scitotenv.2014.08.
070 PMID: 25217746
53. Masson V, Marchadier C, Adolphe L, Aguejdad R, Avner P, Bonhomme M, et al. Adapting cities to cli-
mate change: A systemic modelling approach. Urban Clim. 2014; https://doi.org/10.1016/j.uclim.2014.
03.004
54. Brandt L, Derby A, Fahey R, Scott L, Darling L, Swanston C. Environmental Science & Policy A frame-
work for adapting urban forests to climate change. Environ Sci Policy. Elsevier Ltd; 2016; 66: 393–
402. https://doi.org/10.1016/j.envsci.2016.06.005
55. Nowak DJ. The Interactions between Urban Forests and Global Climate Change. Global climate
change & the urban forest. Baton Rouge: GCRCC and Franklin Press; 2000. pp. 31–34. Available:
http://www.fs.fed.us/ccrc/topics/urban-forests/docs/Nowak_Interactions_between_urban_forests_
and_global_climate_change.pdf
56. Mcpherson G, Simpson JR, Peper PJ, Maco SE, Xiao Q. Municipal Forest Benefits and Costs in Five
US Cities. J For. 2005;
57. Ussiri DAN, Lal R. Carbon Sequestration for Climate Change Mitigation and Adaptation. Carbon
Sequestration for Climate Change Mitigation and Adaptation. Springer International Publishing AG;
2017. https://doi.org/10.1007/978-3-319-53845-7
58. Escobedo F, Varela S, Zhao M, Wagner JE, Zipperer W. Analyzing the efficacy of subtropical urban
forests in offsetting carbon emissions from cities. Environ Sci Policy. Elsevier Ltd; 2010; 13: 362–372.
https://doi.org/10.1016/j.envsci.2010.03.009
59. Nowak DJ, Dwyer JF. Understanding the Benefits and Costs of Urban Forest Ecosystems. In: J.E. K,
editor. Handbook of Urban and Community Forestry in the North East. Springer, Boston, MA;
2007. pp. 25–46. https://doi.org/10.1007/978-1-4020-4289-8{_}2
60. Jo HK, McPherson EG. Indirect carbon reduction by residential vegetation and planting strategies in
Chicago, USA. J Environ Manage. 2001; 61: 165–177. https://doi.org/10.1006/jema.2000.0393 PMID:
11381773
61. WHO. WHO releases country estimates on air pollution exposure and health impact. In: WHO [Inter-
net]. World Health Organization; 2017 [cited 14 Mar 2018]. Available: http://www.who.int/
mediacentre/news/releases/2016/air-pollution-estimates/en/
62. Saunders SM, Dade E, Niel K Van. An Urban Forest Effects (UFORE) model study of the integrated
effects of vegetation on local air pollution in the Western Suburbs of Perth, WA. 19th Int Congr Model
Simul. 2011; 12–16. Available: http://mssanz.org.au/modsim2011
63. Jayasooriya VM, Ng AWM, Muthukumaran S, Perera BJC. Green infrastructure practices for improve-
ment of urban air quality. Urban For Urban Green. 2017; 21: 34–47. https://doi.org/10.1016/j.ufug.
2016.11.007
64. Kiss M, Takács Á, Pogácsás R, Gulyás Á. The role of ecosystem services in climate and air quality in
urban areas: Evaluating carbon sequestration and air pollution removal by street and park trees in Sze-
ged (Hungary). Morav Geogr Reports. 2015; 23: 36–46. https://doi.org/10.1515/mgr-2015-0016
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